In the rat neocortex, a subset of GABAergic interneurons express the neuropeptide vasoactive intestinal peptide (VIP). Previously, we demonstrated that a population of VIPergic interneurons could be accurately identified by their irregular spiking (IS) pattern and their bipolar morphology. IS interneurons were studied in neocortical slices from 16-22-day-old rats using whole-cell recordings, intracellular labelling and single-cell RT-PCR. In response to a depolarizing pulse, IS interneurons typically discharged a burst of action potentials followed by spikes emitted at an irregular frequency. Several seconds of depolarization, micromolar concentrations of 4-aminopyridine, and nanomolar concentrations of either dendrotoxin I or K converted this irregular pattern to a sustained discharge, suggesting the involvement of an I D -like K ϩ current. The main glutamate receptor subunits detected in IS cells were GluR1 flop and GluR2 flop, GluR5 and GluR6, and NR2B and NR2D for the α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid (AMPA), kainate and N-methyl-D-aspartic acid (NMDA) subtypes, respectively. Paired whole-cell patch-clamp recordings indicated that pyramidal neurons provide intracortical glutamatergic inputs onto IS interneurons. Most connections had high probabilities of response and exhibited frequency-dependent paired pulse depression. Comparison of the amplitude distribution of paired responses suggested that most of these connections consisted of multiple functional release sites. Finally, two discrete subpopulations of IS cells could be identified based on the duration of the initial burst of action potentials and the differential expression of calretinin and choline acetyltransferase.
Introduction
Vasoactive intestinal peptide (VIP) is a 28 amino acid polypeptide which was originally isolated from porcine intestines (Said & Mutt, 1970) . In the brain, it is predominantly expressed in the hypothalamus and cerebral cortex (Magistretti, 1990) . Immunocytochemical studies have shown that, throughout the neocortex of rodents, VIP is colocalized with the inhibitory neurotransmitter γ-aminobutyric acid (GABA) in bipolar vertically orientated interneurons (Kubota et al., 1994; Bayraktar et al., 1997) .
In the neocortex, VIP induces a variety of different effects. Like many other neuropeptides, VIP modulates the excitability of cortical neurons (Ferron et al., 1985; Haas & Gahwiler, 1992) , and in the visual cortex it enhances neuronal responses to sensory inputs (Murphy et al., 1993) . In addition, VIP is involved in the regulation of cerebral blood flow and metabolism. First, it is known that VIP causes vasodilatation of pial blood vessels (McCulloch & Edvinsson, 1980; Wei et al., 1980; Yaksh et al., 1987) . Although there is no clear evidence that VIP also regulates intraparenchymal cerebral blood flow, some VIP-containing terminals are closely associated with intracortical blood vessels (Eckenstein & Baughman, 1984; Chédotal et al., 1994a Chédotal et al., , 1994b . Thus, neocortical VIPergic interneurons may regulate local brain perfusion. Second, VIP activates glycogenolysis in neocortical slices and glial cultures (Magistretti et al., 1981; Magistretti, 1994) . These observations have led to the proposal that VIPergic interneurons may locally adjust the energy supply and blood flow according to the level of neuronal activity within cortical columns (Magistretti, 1990) .
VIP release appears to be under glutamatergic control, since application of glutamate or kainic acid to the cat neocortex in vivo increases the release of VIP (Wang et al., 1986) . Therefore, glutamatergic excitation of VIPergic interneurons is likely to influence a variety of important cortical functions. The existence of asymmetrical synapses onto VIP-immunopositive bipolar cells indicates that neocortical VIPergic interneurons receive glutamatergic inputs, one of which is constituted by thalamic fibres (Hajos et al., 1988; Staiger et al., 1996) . It is not known, however, whether neocortical pyramidal cells can also directly excite VIPergic interneurons. In addition, the molecular and physiological characteristics of the glutamate receptors expressed by these interneurons have not been studied.
Recently, we demonstrated that a subset of VIPergic interneurons in acute slices of rat cerebral cortex could be accurately identified by their irregular pattern of action potential discharge in response to depolarizing pulses (Cauli et al., 1997) . These interneurons, called irregular spiking (IS) neurons, expressed the mRNAs for VIP, the two isoforms of glutamic acid decarboxylase (GAD65 and GAD67), calretinin (CR) and choline acetyltransferase (ChAT). In the present study, we demonstrated, using patch-clamp recordings and single-cell reverse transcription followed by multiplex PCR (RT-mPCR), that two subtypes of IS VIPergic interneurons can be distinguished in the rat neocortex. The glutamate receptor subunits expressed by IS interneurons were identified and, by means of paired whole-cell patch-clamp recordings, we showed that pyramidal neurons in neocortical layers II-III monosynaptically excite VIPergic interneurons. The majority of these glutamatergic connections exhibited a high probability of response and frequency-dependent paired pulse depression (PPD), and probably consisted of multiple functional release sites.
Materials and methods

Slice preparation
Wistar rats (16-22 days postnatal) were anaesthetized with a mixture of xylazine (14 mg/kg) and ketamine (65 mg/kg), and killed by decapitation. Parasagittal sections (300 µm thick) of cerebral motor cortex were prepared as previously described (Cauli et al., 1997) . The slices were incubated at room temperature (20-25°C) in artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl, 121.0; KCl, 2.5; NaH 2 PO 4 , 1.25; CaCl 2 , 2; MgCl 2 , 1; NaHCO 3 , 26; glucose, 20; pyruvate, 5, that was bubbled with a mixture of 95% O 2 and 5% CO 2 .
Whole-cell recordings
Slices were transferred to a chamber and perfused at 1-2 ml/min with ACSF (34°C). Patch pipettes (3-5 MΩ), pulled from borosilicate glass, were filled with 8 µL of internal solution containing (in mM): K gluconate, 144; MgCl 2 , 3; EGTA, 0.2; HEPES, 10 (pH 7.2, 285/295 mOsm). All membrane potential values obtained with this solution were corrected for the junction potential of -11 mV. In paired whole-cell recordings, interneurons were recorded using the above internal solution, while pyramidal cells were recorded using an internal solution in which K gluconate was replaced with KCl. Pyramidal and bipolar neurons were identified using infrared videomicroscopy with Nomarski optics (Stuart et al., 1993) . Single and double whole-cell recordings in currentclamp and voltage-clamp modes were performed with two patch-clamp amplifiers (Axopatch 200A and Axopatch 1D, Axon Instruments, CA, USA). Resting membrane potential was measured just after passing into the whole-cell configuration, and only cells with a resting membrane potential more hyperpolarized than -50 mV were analysed. The membrane potential was then usually adjusted to -71 mV by continuous current injection, and the firing behaviour of the neurons was tested by applying depolarizing current pulses. Action potential discharges were recorded using the I-clamp fast mode of the Axopatch 200A amplifier, and interneurons exhibiting irregular discharges of action potentials were classified as IS interneurons and were further examined. The input resistance and membrane time constant were determined from responses to 800 ms 50 pA hyperpolarizing pulses in the current clamp mode. Due to the presence of time-dependent rectification, the input resistances were measured at the peak of the response to the hyperpolarizing current. The action potential parameters were measured as in Cauli et al. (1997) . To standardize the measurement of the characteristics of the initial burst of action potentials, the values were calculated from responses in which the membrane potential just after the initial burst was close to -40 mV. The average membrane potential of the selected traces was -41 Ϯ 3 mV. Similar results were obtained when the initial burst characteristics were measured from traces in which the initial frequency (between the first two spikes) was 200 Ϯ 20 Hz. A burst was considered to end when the discharge frequency declined below 50 Hz. To study the effects of 4-aminopyridine (4-AP; Sigma, St Louis, MO, © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3617-3628 USA) on the firing pattern of IS cells, 10 µM 6,7-dinitroquinoxaline-2,3-dione (DNQX; Tocris Neuramin, UK), 20 µM D-2-amino-5-phosphonovaleric acid (D-APV; Tocris Neuramin, UK), 100 µM picrotoxin (Sigma) and 100 µM CGP 35348 (kindly provided by Dr W. Fröstl, Novartis, Switzerland) were added to the ACSF to block α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-Daspartic acid (NMDA), GABA A and GABA B (γ-aminobutyric acid) receptors, respectively. Dendrotoxin I and dendrotoxin K were obtained from Alomone Labs (Israel).
Pair recordings
For paired whole-cell recordings, both neurons were held at -71 mV in the voltage-clamp mode, and action potentials were initiated in the presynaptic neuron by 0.5 ms depolarizing pulses of 100 mV evoked at 1 Hz. Both presynaptic and postsynaptic currents were recorded, filtered at 2-5 kHz, digitized at 10-20 kHz, saved to a PC, and analysed off-line with Acquis1 software (Gérard Sadoc, Gif/Yvette, France). The series resistance, ranging from 5 to 30 MΩ, was not compensated, but was monitored throughout the experiments. Capacitive coupling artefacts were often induced in the recordings from the postsynaptic cell when an action potential was evoked in the presynaptic cell, and were not subtracted from the traces. For traces in which there was a large coupling artefact, the initiation of the excitatory postsynaptic current (EPSC) was estimated by fitting the rising phase of the EPSC and extrapolating back to the baseline. The EPSC amplitude for each sweep was measured as the difference between the peak current, measured within a 1.5 ms window centred around the peak, and the average baseline current, measured in a 4 ms window preceding the presynaptic action current. Since we often observed a run-down of the synaptic responses during the time course of the experiments, the EPSC amplitudes were plotted against time and stable periods were selected for further analysis. An average of 152 (range 50-305) individual traces were analysed for each experiment. For EPSC parameters in which failures were excluded, an average of 109 (range 42-290) individual responses were analysed for ESPC1 and 98 (range 30-280) individual responses for ESPC2. To measure the potency, traces which did not show EPSCs larger than 150% of the noise level were discarded as failures, and the amplitudes of the remaining EPSCs were analysed. Cumulative histograms were constructed and compared with a paired ttest. The coefficient of variation was calculated by dividing the standard deviation by the mean. All reported values are expressed as the mean Ϯ the standard deviation of the mean.
Cytoplasm harvest and reverse transcription
At the end of the recording, the cell's content (including the nucleus in some instances) was aspirated under visual control into the recording pipette by application of a gentle negative pressure to the pipette. Harvesting was interrupted before or as soon as the seal was lost. The content of the pipette was then expelled into a test-tube and reverse transcription performed in a final volume of 10 µL, as described previously (Lambolez et al., 1992) .
Multiplex PCR
The two steps of multiplex PCR were performed essentially as described (Ruano et al., 1995) . The cDNAs present in 10 µL of the reverse transcription reaction were first amplified simultaneously using all of the primer pairs described in Table 1 (33 primers designed to amplify 18 different cDNAs). Taq polymerase (2.5 U, Perkin Elmer-Cetus, CA, USA) and 10 pmole of each of the primers were added to the buffer supplied by the manufacturer (final volume 100 µL), and 20 cycles (94°C, 30 s; 60°C, 30 s; 72°C, 35 s) of PCR were run. Second rounds Oligonucleotides sequences are given from 5Ј to 3Ј, position 1 being the first base of the initiation codon. Oligoprobes are sense unless otherwise noted. a Cauli et al. (1997) . b Bochet et al. (1994) . c Oligoprobe common to the four subunits as described in Angulo et al. (1997) . d Ruano et al. (1995) . e Audinat et al. (1994) . *The amplification products were 480 bp for GluR4 and 593 bp for the splice variant GluR4c (accession number S94371).
of PCR were then performed using 2 µL of the first PCR product as a template. In this second round, each cDNA was individually amplified using its specific primer pair by performing 35 PCR cycles (as described above). Ten microlitres of each individual PCR reaction was then run on a 1.5% agarose gel using φx174 digested by HaeIII as molecular weight markers and stained with ethidium bromide. Genomic DNA amplifications, which sometimes occurred when the nucleus was harvested, could be easily differentiated from cDNA amplification by a size criterion. Indeed, for each primer pair, the sense and antisense primers were positioned on two different exons. In all cases, the size of the genomic DNA amplification product was larger than that obtained from the cDNA (data not shown).
Identification of the PCR products
PCR-generated fragments obtained from each cell were transferred onto Hybond N ϩ (Amersham, IL, USA) after agarose gel electrophoresis. The Southern blots were probed with the specific oligonucleotides described in Table 1 , using the ECL 3Ј-oligolabelling and detection kit (Amersham) according to the manufacturer's instructions.
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Restriction analysis
GluR1-4
The identity of the GluR1-4 PCR products was confirmed by performing subunit-specific restriction analyses using the enzymes Eco47III, BamHI, SalI and BbsI, which specifically cleave the GluR1, 2, 3 and 4 PCR fragments, respectively. The sizes of the restriction fragments were 305 and 60 bp for GluR1, 176 and 277 bp for GluR2, 87 and 385 bp for GluR3, 348 and 132 bp for GluR4, and 348 and 245 bp for GluR4c. The flip-flop splice variant analysis of each subunit was performed using the splice variant specific enzymes BfaI (GluR1 flip: 192 and 173 bp) and HpaI (GluR2 flop: 199 and 254 bp, GluR3 flop: 210 and 262 bp, GluR4 flop: 210 and 270 bp, and GluR4c, 210 and 383 bp), as described previously .
KA1-2
The KA1-2 PCR products were cut using the subunit-specific enzymes EcoRI (345 and 187 bp for KA1) and KpnI (380 and 152 bp for KA2) as described (Ruano et al., 1995) .
Test of the RT-mPCR protocol
To test for the sensitivity and specificity of the RT-mPCR, the protocol was tested on 500 pg of total RNA purified from rat neocortex (Chomczynski & Sacchi, 1987) and large layer V cortical pyramidal neurons (n ϭ 6). All of the transcripts were detected from 500 pg of neocortical RNA. The sizes of the PCR-generated fragments were as predicted by the mRNA sequences (see Table 1 ) and their identity was confirmed by Southern blot analysis (as described above). In the pyramidal neurons, the AMPA receptor subunits GluR2, GluR3 and GluR4 were detected in six, four and two cells, respectively. For the kainate receptor subunits, GluR5, GluR6 and KA1-2 were detected in one, three and one cell, respectively. Finally, NR2A and NR2B were each detected in four neurons. In contrast, the mRNAs of CR, VIP, ChAT, GAD65 and GAD67 were never detected in these cells.
Intracellular labelling
For intracellular labelling, 2 mg/mL of biocytin (Sigma) or 1 mg/mL lucifer yellow (Sigma) were added to the internal solution, and the pH was readjusted to 7.2. For the paired whole-cell recordings, the interneuron was labelled with biocytin and the pyramidal neuron was labelled with lucifer yellow. The slices containing injected cells were fixed overnight in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4°C, rinsed twice in PBS, and permeabilized with 0.1% Triton X-100 (Sigma) in PBS for 1 h. The biocytin was revealed by incubating the slices with ExtrAvidin-TRITC (Sigma) at a dilution of 1:200 in PBS for 3 h. The slices were then mounted in Vectashield (Vector, CA, USA). The pyramids (labelled with lucifer yellow) and the bipolar neurons (labelled with biocytin-avidin TRITC) were visualized using the filters for lucifer yellow (E3, Leica, Germany) and rhodamine (N 2.1; Leica), respectively. Images were taken using a cooled CCD camera (Princeton Instruments, NJ, USA) mounted on an epifluorescence microscope (Leica).
For the morphological characterization of individual biocytinlabelled bipolar interneurons, a permanent peroxidase revelation procedure was sometimes used instead of fluorescent ExtrAvidin. After fixing overnight with paraformaldehyde, rinsing with PBS, and permeabilizing with 0.1% Triton X-100, the slices were incubated overnight with ABC solution (Vector, California, USA) at a 1:200 dilution. After five rinses in PBS, the slices were preincubated with 0.7 mg/ml of 3Ј3Ј tetraminodiaminobenzidine (Sigma) for 15 min and then the reaction was initiated by adding 0.3% H 2 O 2 . The reaction was stopped by rinsing with PBS and the slices were mounted in PBS/glycerol. Neurolucida (MicroBrightField, USA) was used to reconstruct the neurons. At the onset of a 50 pA depolarizing pulse, the IS interneuron shown in (A) initially fired a burst of three action potentials followed by spikes emitted at an irregular frequency. After several seconds of depolarization, the discharge increased in frequency and became more regular. The action potentials which were truncated due to the sampling rate were redrawn. (D) For the same IS cell, bath application of 10 µM 4-AP converted the irregular firing (upper trace) induced in the IS cell by a 200 pA depolarizing pulse to a sustained mode of discharge (middle trace). This effect was reversed by washing out 4-AP (lower trace). 4-AP did not significantly affect the input resistance as indicated by the voltage responses to 50 pA hyperpolarizing pulses. Recordings were done in the presence of glutamate receptor antagonists (10 µM DNQX and 20 µM D-APV) and GABA receptor antagonists (100 µM picrotoxin and 100 µM CGP 35348). The resting membrane potential was -70 mV.
Results
IS VIPergic interneurons
In acute slices of the rat motor cortex, 55 IS VIPergic interneurons were identified in layers II-III and V using the criteria described in Cauli et al. (1997) . Neurons which had ovoid or fusiform somata and an apparent bipolar morphology, when viewed with infrared illumination and Nomarski optics, were selected and examined in the current-clamp mode. IS neurons exhibited an initial burst of action potentials followed by the emission of spikes at an irregular frequency in response to depolarizing current pulses (Fig. 1C,D , upper trace), and were selected for further functional and molecular analysis. The morphology of 28 IS cells was further characterized by biocytin injection. Although there was some variability in their morphology (Fig. 1A,B) , IS interneurons typically exhibited a bipolar/bitufted morphology with ascending and descending aspiny dendrites arranged perpendicular to the pial surface with little lateral extension. The descending dendrites were usually more branched than the ascending ones which ramified mainly when reaching layer I. Axons generally originated from a primary dendrite and descended toward layers V/ VI (see arrows in Fig. 1A,B) .
Although IS interneurons exhibited an irregular action potential discharge in response to depolarizing pulses lasting less than 1 s, their firing behaviour was converted to a more regular pattern when the depolarization was maintained for several seconds (Fig. 1C) . The slow increase in the frequency of action potential discharge upon prolonged depolarization could be due to the slow inactivation of a K ϩ current. As shown in Fig. 1D , the bath application of 10-50 µM 4-AP to IS interneurons (n ϭ 7) reversibly converted the irregular firing pattern (upper trace) to a continuous discharge of action potentials (middle trace). 4-AP did not significantly change the input resistance of the interneurons and appeared to act directly on the IS interneurons, since the effects were observed in the presence of glutamate and GABA receptor antagonists (see Materials and methods). In addition, application of 40 nM dendrotoxin I (n ϭ 4) or 20 nM dendrotoxin K (n ϭ 3) produced similar changes in the discharge pattern of IS VIPergic interneurons. These observations suggest that a slowly inactivating I D -like K ϩ current is involved in the generation of the irregular discharge pattern of IS VIPergic interneurons.
Identification of two subtypes of IS VIPergic interneurons
Although all IS interneurons exhibited irregular discharges of action potentials, considerable variation was observed in the duration of the initial action potential burst. Figure 2A illustrates an example of an IS interneuron which discharged short initial bursts of action potentials (A) and (B) , respectively. The five PCR products were resolved on separate lanes by agarose gel electrophoresis in parallel with φx174 digested by HaeIII (φ) as a molecular weight marker and stained with ethidium bromide. All of the amplified fragments were of the size predicted by their mRNA sequences, and the identity of the PCR products was confirmed by Southern blot analysis (see Materials and methods, and Table 1) . (E) Plot of the number of action potentials in the initial burst versus the burst duration for 37 IS interneurons analysed by RT-mPCR. To standardize the measurement of the initial burst characteristics, the values were calculated from responses in which the membrane potential following the initial burst was close to -40 mV (-41 Ϯ 3 mV). A burst was considered to end when the discharge frequency declined below 50 Hz. VIP and GAD65 and/or GAD67 mRNAs were detected in all Values are given as mean Ϯ SD. n, number of cells. *Denotes parameters that were statistically smaller in IS1 than IS2 neurons using the Mann-Whitney U-test with P Ͻ 0.01.
lasting 86 and 45 ms in response to depolarizing current pulses of 50 and 200 pA, respectively. In contrast, other IS interneurons fired longer initial bursts. For example, the interneuron shown in Fig. 2B discharged initial bursts of 360 and 227 ms when depolarized with current pulses of 50 and 200 pA, respectively. These results suggested that there was some heterogeneity within the population of IS interneurons. Indeed, the combination of the electrophysiological results with single-cell RT-mPCR analysis allowed the identification of two subtypes of IS VIPergic interneurons. A total of 37 IS interneurons were analysed by single-cell RT-mPCR for the expression of the mRNAs for VIP, GAD65, GAD67, CR and ChAT. All 37 IS interneurons expressed mRNAs for VIP, GAD65 and/or GAD67, confirming that they were VIPergic/GABAergic interneurons. One type, called IS1 cells, which co-expressed CR and/or ChAT, displayed short initial bursts ( Table 2 ). The other type (IS2 cells) expressed neither CR nor ChAT, and exhibited longer bursts ( Table 2 ). The results of the RT-mPCR analysis for an IS1 and IS2 interneuron are illustrated in Fig. 2C and D, respectively. The agarose gel in Fig. 2C shows that the mRNAs for CR, VIP, ChAT, GAD65 and GAD67 were detected in the IS1 cell that exhibited a short initial burst ( Fig.  2A) . In contrast, only VIP, GAD65 and GAD67 (Fig. 2D) were detected in the IS2 interneuron that fired longer initial bursts (Fig.  2B) . Out of the 37 IS interneurons examined, 17 (46%) expressed both CR and ChAT, 5 (14%) expressed CR without ChAT, and one cell expressed ChAT without CR. In the remaining 14 (38%) neurons, neither CR nor ChAT were detected. Figure 2E shows that the majority of the IS1 interneurons (91%; 20/22; open circles) exhibited an initial burst containing less than 17 spikes with a duration of less than 160 ms. In contrast, the majority of the IS2 interneurons (93%; 14/15; filled circles) had an initial burst of more than 17 spikes, and all of the IS2 interneurons had initial bursts of more than 190 ms. Thus, the expression of CR and ChAT appears to be restricted to a subset of VIPergic interneurons which can be identified according to their firing behaviour.
The resting membrane potentials, input resistance and action potential characteristics were similar for both IS1 and IS2 interneurons (Table 2 ). In addition, both subtypes were equally affected by 4-AP, and no difference was observed in the qualitative morphology of IS1 and IS2 interneurons.
Glutamate receptor expression by VIPergic neurons
For 28 of the IS cells analysed, the RT-mPCR analysis was extended to include the detection of the glutamate receptor subunit mRNAs, including the AMPA receptor subunits (GluR1-4), the kainate receptor subunits (GluR5-7 and KA1-2) and the NMDA receptor subunits
FIG. 3. Glutamate receptor subunits expressed by IS VIPergic interneurons.
(A) A single IS interneuron was identified electrophysiologically and analysed with a RT-mPCR procedure designed to co-amplify VIP, GAD65, GAD67, CR and ChAT mRNAs together with the mRNAs encoding AMPA, kainate and NMDA receptor subunits. The products from the 17 different PCR amplifications were resolved by agarose gel electrophoresis in parallel with φx174 digested by HaeIII (φ). The cDNA fragments corresponding to VIP, GAD65, GAD67, CR and ChAT were observed. Amplification fragments corresponding to the AMPA receptor subunits GluR1, 2 and 4, the kainate receptor subunits GluR5, 6, 7 and KA1-2, and the NMDA receptor subunits NR2A, B and D were also observed. GluR3 and NR2C were not detected. The heavier cDNA band in the GluR4 lane corresponds to the amplification of the GluR4c splice variant (593 bp). Restriction analysis of the KA1-2 amplified fragment (data not shown; see Materials and methods) indicated that the mRNAs of both KA1 and KA2 were expressed in this IS interneuron. All of the amplified fragments were of the size predicted by the mRNA sequences, and the identity of the PCR products was confirmed by Southern blot analysis (see Materials and methods, and Table 1 ). (B) Graph of the number of IS interneurons which expressed each of the different AMPA, kainate and NMDA receptor subunits. 28 IS cells were analysed as in (A). VIP and GAD65 and/or GAD67 mRNAs were detected in all of them. For the AMPA receptor subunits (GluR1-4), the filled, unfilled and hatched portions represent the number of interneurons exhibiting only the flip version, only the flop version, and both flip and flop versions, respectively. Note that mostly flop variants were detected. The mean number of AMPA receptor subunits expressed per cell was 1.9 and GluR3 was never observed. GluR5 and GluR6, and NR2B and NR2D, were the most commonly detected kainate and NMDA receptor subunits, respectively.
(NR2A-D), in addition to the mRNAs for VIP, GAD65, GAD67, CR and ChAT.
The results of RT-mPCR analysis for an individual IS interneuron are shown in Fig. 3A . The expression of the mRNAs for CR, VIP, ChAT, GAD65 and GAD67, and its firing pattern (not shown), indicated that it was an IS1 interneuron. The PCR products corresponding to GluR1, GluR2 and GluR4 were observed, but not that of GluR3. In addition to GluR4 (480 bp), a larger band (593 bp) corresponding to the GluR4c splice variant was also observed. The IS interneuron also expressed the kainate receptor subunits © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3617-3628 GluR5-7. The single band observed in the KA1-2 lane was submitted to a restriction analysis (see Materials and methods) which indicated the expression of both KA1 and KA2 subunits in this interneuron (data not shown). The NMDA receptor subunits NR2A, B and D, but not NR2C, were also detected.
Since there was no difference between the expression pattern of glutamate receptor subunits in IS1 (n ϭ 18) and IS2 (n ϭ 10) interneurons, the results for both types are presented together (Fig.  3B) . In the majority of the 28 IS interneurons, expression of the AMPA receptor subunits GluR1 (n ϭ 22) and GluR2 (n ϭ 16) was detected. Of the six IS cells where GluR4 was detected, three also expressed GluR4c. GluR3 mRNA was not detected in any of the IS interneurons. Restriction enzyme analysis was then used to determine whether the AMPA receptor subunits consisted of the flip or flop splice variants. The majority of the AMPA receptor subunits were of the flop form (Fig. 3B) . For GluR1, 17 cells expressed only the flop form, while both splice variants were detected in five cells. For GluR2, 11 interneurons expressed only the flop version, four cells expressed the two forms, and only one IS neuron expressed GluR2 flip alone. All of the detected GluR4 subunits, including GluR4c, were of the flop form. Consistent with the expression of GluR2, application of kainate to nucleated patches of IS interneurons at different holding potentials produced non-rectifying current voltage curves (n ϭ 2; data not shown). The most commonly detected kainate receptor subunits were GluR5 (n ϭ 14) and GluR6 (n ϭ 14). GluR7, KA1 and KA2 were, respectively, detected in two, three and five out of 28 IS interneurons. In addition to AMPA and kainate receptor subunits, the VIPergic interneurons also expressed NMDA receptor subunits. The most common subunits found were NR2B (n ϭ 21), NR2D (n ϭ 13) and NR2A (n ϭ 9). The presence of NR2C mRNAs was only detected in one IS interneuron.
Synaptic excitation of IS VIPergic interneurons
To study the synaptic activation of glutamate receptors on VIPergic interneurons, pairs of IS interneurons and cortical pyramidal neurons in layers II-III of the motor cortex were studied with paired wholecell patch-clamp recordings. All of the IS interneurons were identified by their irregular discharge of action potentials upon injection of depolarizing current, and their bipolar or bitufted morphology was confirmed by biocytin labelling (Fig. 4A,B) .
Eleven pairs were found in which an IS interneuron was the postsynaptic target of a pyramidal neuron. As shown in Fig. 4A , the soma of the connected neurons were generally within 200 µm of each other. Four of the postsynaptic IS interneurons were classified as IS1 interneurons and seven as IS2 based on the characteristics of the initial burst elicited by depolarization (see above). Since there was no difference between the connections onto IS1 and IS2 interneurons, the results are presented together. For the 11 pairs, action potentials evoked in the presynaptic pyramidal neuron induced inward currents in the postsynaptic IS interneuron with a mean latency of 0.62 Ϯ 0.22 ms (n ϭ 11), suggesting that these connections were monosynaptic. Figure 4C (lower traces) illustrates the variability of the responses, including an apparent failure of transmission, evoked in an IS cell by action potentials in a pyramidal neuron. The amplitude of the EPSCs varied considerably with a coefficient of variation of 37%, however, there were transmission failures in only 3% of the trials. For this cell, the mean amplitude of the EPSCs, excluding failures, was 30 pA at a holding potential of -70 mV. For the 11 connections, the mean amplitude of the EPSCs excluding failures was 18.7 Ϯ 9.2 pA. The EPSCs varied in amplitude with an average coefficient of variation of 39 Ϯ 7%. The average rate of transmission failure was 28 Ϯ 22% (range 2-79%). The distributions of the mean The lower trace is the average of 300 consecutive responses (including failures) in the IS interneuron in response to pairs of action potentials elicited 55 ms apart in the pyramidal neuron (upper trace). EPSC2 was 25% smaller than EPSC1, and the probability of response decreased from 97% for EPSC1 to 93% for EPSC2.
amplitude of the EPSCs, excluding failures, and the probability of response for the 11 connections are illustrated in Fig. 5A , which shows that the largest EPSCs were associated with the highest probabilities of response.
The average rise time of the mean EPSCs measured from 20-80% of their peak was 0.64 Ϯ 0.27 ms (range 0.29-1.15 ms). The decay of the current was best fitted with one exponential in two connections and two exponentials in nine connections, although the mean amplitude of the second exponential was only 10 Ϯ 13% of the total current. The average first time constant was 2.61 Ϯ 1.14 ms. The kinetics of the EPSCs are consistent with the stimulation of AMPA receptors. Furthermore, the selective AMPA/kainate receptor antagonist DNQX (10 µM) completely blocked the EPSCs in two out of two connections tested (data not shown). Thus, at a holding potential of -70 mV in the presence of extracellular Mg 2ϩ , activation of NMDA receptors does not appear to contribute significantly to the EPSCs.
To determine the effect of action potential frequency on postsynaptic responses, EPSCs evoked by pairs of action potentials were compared. For the 11 connections, the amplitude of the first EPSC (EPSC1) was not correlated with the amplitude of the second EPSC (EPSC2; R ϭ 0.15 for the connection shown in Fig. 4) . PPD was observed in nine out of the 11 connections. For example, the connection illustrated in Fig. 4D exhibited a PPD with a 25% decrease in the mean amplitude of EPSC2 and a corresponding decrease in the probability of response © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3617-3628 from 97 to 93%. One connection exhibited paired-pulse facilitation (PPF) with a 38% increase in the mean amplitude of EPSC2 and a corresponding increase in probability of response from 21 to 32%. In the remaining connection, there was neither a difference in the mean amplitude nor in the probability of response.
For the nine connections exhibiting PPD with an interspike interval of 55 ms, there was an average decrease of 17 Ϯ 14% (range 2-37%) in the mean probability of response from EPSC1 to EPSC2, which was positively correlated (R ϭ 0.74) with the mean magnitude of PPD (32 Ϯ 14%; range of 11-53%). These results are consistent with PPD being a presynaptic decrease in the probability of neurotransmitter release. In addition, the PPD was frequency dependent. For three connections in which the interspike interval was varied, there was a negative correlation between the interspike interval and degree of PPD (R ϭ -0.79; Fig. 5B ).
Paired stimulation can also be used to estimate whether a given connection consists of one or multiple release sites (Bolshakov & Siegelbaum, 1995; Stevens & Wang, 1995) . If a functional release site can release only one quantum, then the potency (the mean amplitude of the EPSCs excluding failures) of a connection with one release site will not be affected by a change in probability of release. For the connection shown in Fig. 4 , the potency of EPSC1 was larger than that of EPSC2, and the cumulative probabilities of EPSC1 and EPSC2 were statistically different (Fig. 6A,B) . Similar results were obtained in eight out of the 10 pairs. These results suggest that the majority of the pyramid to IS interneuron connections consisted of multiple functional release sites.
For the two remaining connections, the potencies of EPSC1 and ESPC2 were the same and there was no statistical difference in the cumulative probabilities of EPSC1 and EPSC2, suggesting the presence of a single functional release site (Fig. 6C,D) . The probabilities of response for these two connections were 0.21 and 0.79, and they exhibited PPF and PPD, respectively. The amplitudes of the EPSCs for both connections were very variable with coefficients of variation of 0.51 and 0.43, respectively.
Discussion
In this paper, a discrete population of bipolar IS VIPergic interneurons was defined using a combination of electrophysiology, biocytin labelling and single-cell RT-mPCR. IS interneurons characteristically exhibited a bipolar/bitufted morphology, a firing pattern consisting of an initial burst of action potentials followed by intermittent action potentials, and slowly inactivating K ϩ currents. Their glutamate receptor subunit expression profile consisted mainly of GluR1 flop, GluR2 flop, GluR5, GluR6, NR2B and NR2D. IS neurons received unitary intracortical glutamatergic inputs with high probabilities of response that showed PPD. In addition, it was shown that the duration of the initial burst of action potentials and the differential expression of CR and ChAT divides the IS population into two subpopulations.
Characteristics of IS VIPergic interneurons
IS interneurons characteristically fired an initial burst of action potentials and then discharged intermittent action potentials at an irregular frequency. Similar firing patterns were found in neocortical bipolar neurons by Kawaguchi (1995) . The conversion of the discharge pattern of the IS neurons to a more regular firing behaviour by micromolar concentrations of 4-AP, nanomolar concentrations of dendrotoxin I and K, and several seconds of depolarization, suggests the involvement of an I D -like K ϩ current. I D -like K ϩ currents activate at subthreshold voltages, take hundreds of milliseconds to seconds to inactivate, recover from inactivation after tens of seconds, and are sensitive to low micromolar concentrations of 4-AP (Storm, 1988; Locke & Nerbonne, 1997b) . These K ϩ currents have also been shown to contribute to the accommodation of the firing frequency in neocortical pyramidal neurons (Locke & Nerbonne, 1997a ) and brain stem neurons (Brew & Forsythe, 1995) . The effects of dendrotoxin I and dendrotoxin K on the firing patterns of the IS interneurons suggests that the Kv1.1 subunit of the Shaker family of potassium channels is involved in the generation of the I D -like K ϩ current. Nanomolar concentrations of dendrotoxin I blocked the currents produced by the Shaker potassium channel subunits Kv1.1, Kv1.2 and Kv1.6 expressed in Xenopus oocytes (Robertson et al., 1996) . Among these three subunits, dendrotoxin K only blocked the currents produced by the Kv1.1 subunits (Robertson et al., 1996) . Thus, Kv1.1 subunits are probably involved in the irregular discharge frequency exhibited by IS interneurons. However, since the involvement of one dendrotoxin-sensitive subunit in a heteromultimeric potassium channel is sufficient to confer sensitivity to the channel (Hopkins et al., 1994) , the I D -like K ϩ channels in IS interneurons may contain other subunits. The sensitivity of the current in the IS interneurons to 10 µM 4-AP suggests that members of the Shaw (Kv3) subfamily may be involved (Grissmer et al., 1994) . Subunits from the Shaker and Shaw subfamilies can form heteromultimeric potassium channels when expressed in Xenopus oocytes (Shahidullah et al., 1995) .
Although all IS interneurons fired an initial burst of action potentials followed by intermittent action potentials at an irregular frequency, the combined electrophysiological and molecular results indicate that in the rat neocortex two subtypes of bipolar VIPergic/GABAergic interneurons can be identified. IS1 interneurons exhibited shorter initial bursts and expressed the mRNAs for CR and ChAT, whereas IS2 interneurons exhibited longer bursts and did not express CR and ChAT.
The existence of different populations of bipolar VIPergic interneurons in the neocortex is supported by immunocytochemistry against CR (Rogers, 1992; Kubota et al., 1994; Kawaguchi & Kubota, 1996) and ChAT (Eckenstein & Baughman, 1984; Chédotal et al., 1994a Chédotal et al., , 1994b Bayraktar et al., 1997) . Kubota et al. (1994) and Rogers (1992) found that 45-57% of the VIP immunoreactive neurons in the superficial layers of the neocortex expressed CR immunoreactivity, while according to Bayraktar et al. (1997) and Chédotal et al. (1994a) , 19-34% of neocortical VIPergic interneurons exhibited ChAT immunoreactivity. In good agreement with the immunocytochemical analysis, the results from the single-cell RTmPCR analysis showed that 59 and 48% of the IS VIPergic neurons expressed CR and ChAT, respectively. In addition, 46% of the IS interneurons expressed both CR and ChAT. Thus, our findings confirm the previous results and extend them by demonstrating that it is the same population of VIPergic interneurons which expresses both CR and ChAT. The difference in the expression of ChAT and CR suggests that the two groups of VIPergic interneurons may serve different functions. Although the population of IS neurons appeared homogeneous with respect to all other criteria investigated, differences in postsynaptic targets remain an interesting possibility.
The morphological characteristics of the IS neurons are consistent with previous immunocytochemical studies (Eckenstein & Baughman, 1984; Morrison et al., 1984; Peters & Harriman, 1988; Chédotal et al., 1994a; Kawaguchi & Kubota, 1996; Staiger et al., 1996; Bayraktar et al., 1997) . Like IS interneurons, VIP immunopositive neocortical neurons typically exhibited bipolar or bitufted morphologies with both ascending and descending dendrites orientated perpendicularly to the pial surface. In addition, the axons of VIP immunoreactive neurons generally descended away from the pial surface.
The AMPA receptor subunits expressed in IS cells were limited to a restricted subset, consisting mainly of GluR1flop and GluR2flop, with GluR4 rarely being observed. The mean number of subunits per cell was 1.9, indicating the typical subunit composition of IS cells was GluR1flop-GluR2flop. This AMPA receptor subunit composition is different from those of other cell populations of the neocortex, and supports previous observations that AMPA receptor subunit patterns are cell-type specific (Lambolez et al., 1992; Bochet et al., 1994; Jonas et al., 1994; Geiger et al., 1995; Lambolez et al., 1996; Angulo et al., 1997) . The linear current-voltage relationship of the kainate responses obtained in IS cells is consistent with previous studies correlating the abundance of GluR2 with the rectification properties of native AMPA receptors (Bochet et al., 1994; Jonas et al., 1994; Geiger et al., 1995; Lambolez et al., 1996; Angulo et al., 1997) . The GluR4c splice variant has been reported to be mainly expressed in the cerebellum (Gallo et al., 1992) . Indeed, its abundance relative to that of GluR4 appears very low in the neocortex (B. Cauli, unpublished observations), but further study is required to determine its possible cell-type-specific expression, as it rarely occurred in IS cells.
The kainate receptor subunits expressed by IS cells mainly consisted of GluR5 and 6 with a low occurrence of KA1 and GluR7, and seemed to match the overall pattern determined by in situ hybridization in the superficial layers of the rat neocortex (Wisden & Seeburg, 1993) .
Previous studies indicate that the expression of NR2A and NR2B is inversely regulated by neuronal activity and during development Bessho et al., 1994; Vallano et al., 1996; Flint et al., 1997) . In IS cells, this interplay resulted in mainly the expression of the NR2B subunit even at this age (16-22 days). The expression of NR2C which depends on other factors (Ozaki et al., 1997) was only detected in one out of 28 IS cells. The relatively high occurrence of NR2D (13 out of 28 cells) indicates that IS cells are among the few neuronal types that express this subunit , which is mostly found in GABAergic interneurons in the mature brain (Standaert et al., 1996; Plant et al., 1997) .
Intracortical glutamatergic inputs
Glutamatergic connections onto various neuronal types exhibit a range of different kinetics. Unitary connections between hippocampal granule cells and basket cells are very rapid with an average decay time constant of 0.7 ms (15-23 days; 32-36°C; Geiger et al., 1997) , while spontaneous EPSCs in neocortical pyramidal neurons and fast spiking interneurons exhibit slower average decay time constants of 4.6 and 2.5 ms, respectively (12-25 days; room temperature; Hestrin, 1993) . The kinetics of the synaptic currents between pyramidal neurons and IS VIPergic interneurons, with a mean decay time constant of 2.6 ms, are in the middle of the range, close to the kinetics found in the neocortical fast spiking interneurons.
IS interneurons received glutamatergic input from local pyramidal neurons. The majority of the pyramid to IS neuron connections exhibited a high probability of response (mean 0.72), and frequencydependent PPD for presynaptic firing frequencies between 10 and 70 Hz. Previous studies of unitary glutamatergic connections in the neocortex have described connections exhibiting high probabilities of response and PPD (Thomson et al., 1993a; Bolshakov & Siegelbaum, 1995; Buhl et al., 1997; Markram et al., 1997) , and connections exhibiting low probabilities of response and PPF (Thomson et al., 1993b . Taken together, these observations suggest that for glutamatergic connections, the response probability and frequency modulation of response probability depend on the postsynaptic target. Therefore, the frequency of action potential discharges in a pyramidal neuron may determine which postsynaptic targets are preferentially activated (Thomson et al., 1993b) . IS VIPergic interneurons would be best activated by low frequency discharges of pyramidal neurons, while high frequency discharges would best activate neuronal types exhibiting PPF.
Analysis of the effect of changes in the probability of response on the potency of the pyramid to IS interneuron connections suggests that the majority of the connections consisted of multiple functional release sites, although connections with single functional release sites also exist. This analysis gives an estimate of functional connectivity, but does not allow the determination of the actual numbers of release sites. However, evaluation of pyramid to interneuron connections in the hippocampus and neocortex by electron microscopy indicates that connections with both single (Gulyas et al., 1993; Buhl et al., 1997) and multiple (2-7 synapses, Buhl et al., 1997; Geiger et al., 1997) release sites exist. Furthermore, unitary glutamatergic connections onto neocortical basket cells exhibited both single and multiple synapses (Buhl et al., 1997) . The existence of multiple release sites may explain the high reliability of the pyramid to IS interneuron connections. Consistent with this idea, larger EPSCs were associated with higher probabilities of release.
Temporal integration of EPSCs by VIPergic interneurons
The I D -like K ϩ current may allow IS VIPergic interneurons to integrate individual subthreshold EPSCs over periods of seconds, as in hippocampal CA1 pyramidal neurons (Storm, 1988) . Since the glutamate receptor-mediated unitary EPSCs in the IS interneurons exhibited PPD, in an IS interneuron, integration of multiple synaptic inputs from different pyramidal neurons is likely to be more effective than integration of a repeatedly activated single unitary input. Thus, IS interneurons may effectively integrate increases in local neuronal activity. At the calyx of Held synapse, the blockage of an I D -like K ϩ current allows a single synaptic stimulus to generate multiple postsynaptic action potentials (Brew & Forsythe, 1995) . If intracortical release of VIP is frequency dependent, as in the cat submandibular gland (Lundberg et al., 1981a (Lundberg et al., , 1981b , single action potentials may primarily release GABA, whereas multiple action potentials may be needed to release VIP. Thus, the inactivation of the I D -like K ϩ current by the integration of many inputs may be necessary for the release of VIP, and may provide an effective mechanism for coupling an increase in local neuronal activity with an increase in blood flow or metabolism.
